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a b s t r a c t
The morphology of the vertebrate head skeleton is highly plastic, with the number, size, shape, and
position of its components varying dramatically between groups. While this evolutionary ﬂexibility has
been key to vertebrate success, its developmental and genetic bases are poorly understood. The larval
head skeleton of the frog Xenopus laevis possesses a unique combination of ancestral tetrapod features
and anuran-speciﬁc novelties. We built a detailed gene expression map of the head mesenchyme in X.
laevis during early larval development, focusing on transcription factor families with known functions in
vertebrate head skeleton development. This map was then compared to homologous gene expression in
zebraﬁsh, mouse, and shark embryos to identify conserved and evolutionarily ﬂexible aspects of
vertebrate head skeleton development. While we observed broad conservation of gene expression
between X. laevis and other gnathostomes, we also identiﬁed several divergent features that correlate to
lineage-speciﬁc novelties. We noted a conspicuous change in dlx1/2 and emx2 expression in the second
pharyngeal arch, presaging the differentiation of the reduced dorsal hyoid arch skeletal element typical
of modern anamniote tetrapods. In the ﬁrst pharyngeal arch we observed a shift in the expression of the
joint inhibitor barx1, and new expression of the joint marker gdf5, shortly before skeletal differentiation.
This suggests that the anuran-speciﬁc infrarostral cartilage evolved by partitioning of Meckel’s cartilage
with a new paired joint. Taken together, these comparisons support a model in which early patterning
mechanisms divide the vertebrate head mesenchyme into a highly conserved set of skeletal precursor
populations. While subtle changes in this early patterning system can affect skeletal element size, they
do not appear to underlie the evolution of new joints or cartilages. In contrast, later expression of the
genes that regulate skeletal element differentiation can be clearly linked to the evolution of novel
skeletal elements. We posit that changes in the expression of downstream regulators of skeletal
differentiation, like barx1 and gdf5, is one mechanism by which head skeletal element number and
articulation are altered during evolution.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The vertebrate head skeleton protects and supports the ante-
rior sense organs, brain, and the feeding and breathing structures
of the mouth and pharynx. Despite performing these basic func-
tions in all vertebrates, the morphology of the vertebrate head
skeleton is highly plastic, with the number, size, and shape of its
components varying between groups. This remarkable capacity to
evolve in response to new selective pressures was likely key to
vertebrate success. Understanding the constrained and evolutio-
narily labile aspects of vertebrate head skeleton development is
thus essential to understanding the mechanistic bases of verte-
brate diversiﬁcation.
In all modern vertebrates the bulk of the embryonic head skeleton
is derived from cranial neural crest cells (CNCCs), with a smaller
contribution from mesoderm-derived mesenchyme (Hall, 1999).
CNCCs are speciﬁed at the neural border and migrate ventrally into
the head and pharynx. After CNCC migration, subpopulations of
CNCCs and mesodermal mesenchyme acquire distinct molecular
identities as they activate particular combinations of transcription
factors. These factors include members of the hox (Creuzet et al.,
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2002), dlx (Cofﬁn Talbot et al., 2010; Depew et al., 2002), msx
(Antonopoulou et al., 2004; Thomas et al., 1998), hand (Yanagisawa
et al., 2003), nkx3.2 (bapx) (Miller et al., 2003), emx (Compagnucci et
al., 2013), alx (Beverdam et al., 2001), prrx (ten Berge et al., 1998),
tbx2/3 (Mesbah et al., 2008; Ribeiro et al., 2007), satb2 (Fish et al.,
2011; Sheehan-Rooney et al., 2010), gsc (Gaunt et al., 1993;
Schultemerker et al., 1994), mef2 (Verzi et al., 2007), and pou3
(Hauptmann and Gerster, 2000; Jeong et al., 2008) families. Interfer-
ing with the function of most of these genes in mouse and/or
zebraﬁsh has speciﬁc effects on skeletal element morphology, includ-
ing partial homeotic transformations. This suggests these factors are
developmentally upstream of gene programs controlling skeletal
element morphogenesis.
While functional perturbations and gene expression data have
provided mechanistic depth to our understanding of head skeleton
development in model vertebrates, how these processes are
modiﬁed during evolution to generate new morphologies is poorly
understood. Recent work suggests that differences in the inter-
cellular signals emanating from cranial epithelia can explain
differences in skeletal element size and shape between closely
related species (Abzhanov et al., 2004; Mallarino et al., 2011,
2012). Whether similar changes also underlie the differences in
head skeleton morphology seen at larger evolutionary distances is
unknown. Provocatively, inter-speciﬁc CNCC transplantations
between ducks and quails have shown that CNCCs will generate
donor-speciﬁc skeletal morphology regardless of the host’s inter-
cellular signaling environment (Fish et al., 2014; Schneider and
Helms, 2003). This indicates that, rather than being determined
solely by extrinsic signals, much of vertebrate head skeleton
morphology is hardwired in the morphogenetic programs operat-
ing in CNCCs. Alterations to these programs, and/or the transcrip-
tion factors that control them, are thus strong candidates for the
types of changes driving head skeleton diversiﬁcation.
A ﬁrst step in understanding the mechanistic bases of head
skeleton evolution is identifying changes in head development
corresponding to lineage-speciﬁc skeletal novelties. Such correla-
tions can then be validated by gain- and loss-of-function genetic
manipulations in species displaying the ancestral and derived
conditions. In addition to being a tractable developmental model
system, Xenopus laevis is a representative of an ancient and highly
specialized tetrapod group, the anurans. Like other anurans, the X.
laevis head skeleton possesses a unique combination of ancestral
gnathostome features and anuran-speciﬁc alterations in skeletal
element number, size, and shape. As in basal gnathostomes, X.
laevis forms its primary jaw joint from the ﬁrst pharyngeal arch
(PA1). However, unlike teleosts or mammals, the X. laevis second
arch (PA2) skeleton resembles that of early tetrapods, with a dorsal
element modiﬁed to form the columella (stapes), and a large
ventral element, the ceratohyal. X. laevis larvae also possess two
anuran-speciﬁc cartilages around the mouth, the suprarostral and
infrarostral. The infrarostral cartilage articulates with the lower
jaw at a novel paired joint called the intramandibular joint
(reviewed by (Svensson and Haas, 2005). The suprarostral is fused
to the trabecular cartilage in X. laevis and its close relatives, but
articulates with the trabecular cartilage at a movable joint in other
frogs (Pugener et al., 2003; Trueb and Hanken, 1992; Zhang et al.,
2013). Finally, the tadpoles of X. laevis and most other anurans
display a posterior pharyngeal arch skeleton fused to form a
branchial basket (Pugener et al., 2003).
Here we present a detailed gene expression map of the head
mesenchyme in X. laevis larvae, focusing on 13 families of
transcription factors with known functions in vertebrate head
skeleton development. We then compare this map to homologous
gene expression in zebraﬁsh, mouse, and shark embryos to deduce
the conserved and evolutionarily plastic aspects of vertebrate head
skeleton development. While we observed broad conservation
between X. laevis and other gnathostomes, we also identiﬁed
several divergent aspects that correlate to lineage-speciﬁc novel-
ties. Soon after migration of CNCCs into the pharynx, we noted a
conspicuous change in the transcription factor code of PA2, with
dlx1/2 expression becoming reduced and emx2 expression expand-
ing dorsally. As dlx1/2 is necessary for chondrogenic fate, we
propose that this shift may underlie the development of the
reduced dorsal PA2 cartilage typical of modern anamniote tetra-
pods. Around the mouth and in the posterior pharynx, we noted
highly conserved transcription factor expression between X. laevis
and other vertebrates at early larval stages. However, shortly
before skeletal differentiation, we observed a shift in the expres-
sion of the joint inhibitor barx1, and new expression of the joint
marker gdf5 in the forming mandible. This suggests that the
anuran-speciﬁc infrarostral cartilages evolved by the partitioning
of Meckel’s cartilage with a new paired joint. Taken together, our
comparisons illustrate that the early patterning of head skeleton
precursors is largely conserved across vertebrates, with subtle
changes to this pre-pattern corresponding to changes in skeletal
element size. We further propose that one way new skeletal
elements evolve is by changes in the expression of genes regulat-
ing later developmental processes, like tissue differentiation.
Methods
Gene nomenclature and riboprobe synthesis
Per XenBase conventions (Bowes et al., 2008) X. laevis-speciﬁc
duplicates are distinguished by the sufﬁxes -a and -b. However, for
simplicity, we sometimes refer to two X. laevis duplicates by their
generic gene name (e.g. dlx3-a and dlx3-b are sometimes collec-
tively called “dlx3”).
X. laevis genes were identiﬁed using GenBank annotated
sequences or BLAST searches of X. laevis ESTs and/or genome
assembly. Fragments of these genes were ampliﬁed using the
primers listed in Table S1 and subcloned. Digoxygenin-labelled
antisense in situ hybridization riboprobes were synthesized using
linearized plasmid or PCR product as template and SP6, T7, or T3
RNA Polymerase (Promega).
In situ hybridization
Frog husbandry, staging, and in situ hybridizations (ISH) were
carried out as described previously (Sive et al., 2000; Cerny et al.,
2010; Meulemans and Bronner-Fraser, 2002), with few modiﬁca-
tions. Proteinase K treatment was adjusted to 100 mg/mL for 1–
5 min for st. 27–37 larvae, and up to 20 min for st. 41–45 larvae.
Hybridization was performed at 60 1C. For double ISH, two
digoxygenin-labelled riboprobes were added to a single hybridiza-
tion solution, and both were developed simultaneously. For signal
development, 0.05% NBTþ0.35% BCIP (Roche) was used as a
substrate. Prehybridization and hybridization steps were per-
formed in SSC pH 7.0; 5 mM EDTA, pH 8.0; 500 μg/mL tRNA;
0.1% Tween-20; 0.1% CHAPS; and 50 μg/mL heparin.
Sectioning
After photography, whole-mount hybridized X. laevis embryos
were washed for 30 min in 15% sucrose at room temperature,
transferred to 7.5% gelatin (90–110 Bloom, Sigma) in 15% sucrose,
kept shaking at 37 1C for 4–6 h, and ﬁnally transferred to 20% gelatin
in 15% sucrose and shaken overnight at 37 1C. Before sectioning the
larvae were embedded in fresh 20% gelatin in 15% sucrose in silicone
molds and frozen for at least 1 h at 70 1C. The blocks were sectioned
to 18 mm using a Leica CM3000 cryostat. The sections were mounted
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on FisherBrand Superfrost Plus microscope slides and dried overnight
at 37 1C. Gelatin was removed by washing in 3% gelatin/38% ethanol
for 45 s at 37 1C followed by two rinses in distilled water. Sections
were counterstained with Nuclear fast red (Vector Laboratories) for
45 s, rinsed twice in distilled water, dried overnight and cover-slipped
using DePeX (VWR Int.) mounting medium.
Imaging
Whole-mount in situ hybridized X. laevis embryos and larvae
were photographed using a Carl Zeiss Axiocam MRc5, Carl Zeiss
Discovery V8 dissecting microscope, and Axiovision 4.6 software.
Sections were photographed using a Carl Zeiss Imager A2 com-
pound microscope.
Results
Expression of dlx paralogs and mef2c
We isolated fragments of all known X. laevis dlx paralogs, and
compared their expression in post-migratory CNCCs by in situ
hybridization from st. 33–38 (Fig. 1; Fig. S1A–BB). As in other
jawed vertebrates, X. laevis dlx2 is the most broadly expressed dlx
paralog, marking migratory and post-migratory CNCCs along the
full DV extent of the pharynx. This expression is apparent in every
PA throughout early larval development, with the exception of
PA2, where dlx2 transcripts are largely excluded from the dorsal
aspect (Fig. 1C). The closely linked gene dlx1 is transcribed in a
pattern similar to dlx2, though its expression is weaker in the
dorsal-most and ventral-most aspects of the pharynx (Fig. 1C and
D). dlx4 displays the most restricted pattern of all dlx paralogs and
is limited to a sharply deﬁned domain in the middle portion of all
PAs (Fig. 1G and H). dlx3-a also strongly marks this intermediate
domain, though its expression domain is broader (Fig. 1E and F),
with weak expression extending slightly ventrally and dorsally.
The X. laevis speciﬁc duplicate dlx3-b is expressed in a pattern
identical to dlx3-a and is not shown. dlx5 and dlx6-a are tran-
scribed in the intermediate and ventral PAs (Fig. 1I–L), though dlx5
expression extends slightly more ventrally. We were unable to
detect expression of the X. laevis dlx6 duplicate dlx6-b.
In mouse, proper expression of dlx3, dlx4, dlx5, and dlx6 is
dependent on the activity of the transcription factor mef2c (Miller
et al., 2007; Verzi et al., 2007). We isolated a fragment of X. laevis
mef2c and analyzed its expression before and during dlx gene
expression. Consistent with its role in mouse, we observed
expression of X. laevis mef2c throughout migrating CNCCs and in
post-migratory CNCCs in a pattern reminiscent of dlx3-a (Fig.
S1CC–HH; compare Fig. S1K to DD). mef2c expression also marks
the intersomitic regions, and portions of the head mesoderm.
Expression of emx2 and nkx3 genes in the intermediate pharynx
In X. laevis, as in zebraﬁsh, CNCCs occupying approximately the
middle third of the pharyngeal arches expresses members of all 6
dlx paralogy groups (Cofﬁn Talbot et al., 2010). The transcription
factor emx2 has also been shown to mark this “intermediate
domain” in zebraﬁsh, mouse, and shark (Compagnucci et al.,
2013; Thisse et al., 2004). We observed intermediate domain
expression of X. laevis emx2 in all PAs from st. 33–38 (Fig. 2A
and B; Fig. S2A–E). This expression was reminiscent of dlx4, except
in PA2, where emx2 expression extends into the dorsal domain
(arrow in Fig. 2A).
In all gnathostomes examined to date, the intermediate domain
of PA1 expresses nkx3.2 (bapx) homologs (Compagnucci et al., 2013;
Miller et al., 2003; Tucker et al., 2004; Wilson and Tucker, 2004). We
isolated fragments of two X. laevis nkx3.2 duplicates, nkx3-2-a and
nkx3-2-b, as well as the closely related genes nkx3-3 (zax)(Newman
and Krieg, 1999) and nkx3-1-a, and visualized their expression
from st. 33–38. nkx3-2-a (data not shown), nkx3-2-b (Fig. 2C and
D; Figs. S2F–I, S5I, J), and nkx3-3 (Fig. 2E and F; Figs. S2J–N, S5H)
were all transcribed in CNCCs within the intermediate domain of
PA1, though in slightly different patterns. Speciﬁcally, nkx3-3 mRNA
marks a cluster of CNCCs in the posterior intermediate aspect of PA1
(arrow in Fig. 2E), while nkx3-2-a (data not shown) and nkx3-2-b are
expressed more broadly in the ventro-medial CNCCs of PA1 (arrow in
Fig. 2C), overlapping with nkx3-3 posteriorly. At st. 41 nkx3-2-b
transcripts were also detected in the ventral midlines of PA1 and PA2,
as has been reported for zebraﬁsh nkx3.2 (white arrowhead and
arrow in Fig. 6E, respectively). (Miller et al., 2003; Schwend and
Ahlgren, 2009). In addition to CNCCs, both nkx3-2 genes and nkx3-3
are expressed in pharyngeal endoderm, with nkx3-3 transcripts also
marking stripes of ectoderm in the posterior pharynx, and ﬂanking
the stomodeum (white arrowheads in Fig. 2F). nkx3-1-a was never
detected in CNCCs from st. 24–45, but strongly marked the cement
gland and paraxial mesoderm (data not shown). The expression of
the X. laevis duplicate nkx3-1-b was not examined.
Expression of hand, msx, satb2, tbx2/3 and gsc in the ventral pharynx
hand, msx, satb2, and tbx2/3 transcripts mark CNCCs throughout
the ventral pharynx in mouse and zebraﬁsh (Charite et al., 2001;
Firulli, 2003; Fish et al., 2011; Hohimer et al., 1993; Mesbah et al.,
2008; Miller et al., 2003; Ribeiro et al., 2007; Thomas et al., 1998). gsc
also marks ventral CNCCs, though this expression is largely restricted
to the anterior pharyngeal arches (Gaunt et al., 1993; Schultemerker et
al., 1994) (Miller et al., 2003). We isolated fragments of X. laevis hand1,
hand2-a, msx1-b, msx2, satb2, gsc-b, tbx2-a, and tbx3-a. As in other
jawed vertebrates, hand1, hand2-b,msx1-b,msx2, and satb2 transcripts
were detected in the ventral portion of all pharyngeal arches (Fig. 2G–
L; Figs. S2 O–II, S3A–F). tbx3-a is also expressed broadly in the ventral
pharynx, though it is excluded from PA2, and only limited expression
is seen in the anterior aspect of PA1 (Fig. 2O and P; Fig. S3M–Q). gsc-b
expression was observed in ventral PA1 and PA2, as in mouse and
zebraﬁsh, with additional ventral expression noted in PA3 and PA4 at
st. 33/34. This posterior expression was lost by st. 35/36 (Fig. 2M and
N; Fig. S3G–L). tbx2-a expression was not restricted to the ventral
domain, but marked CNCCs at all dorso-ventral levels (Fig. S3R–U).
Expression of alx, prrx, msx, gsc, pou3f3, satb2, and tbx3a in the
dorsal pharynx, maxillary region, and neurocranium
The alx genes, alx1, alx3, and alx4 mark the presumptive neurocra-
nium in mouse, chick, and zebraﬁsh embryos (Beverdam and Meijlink,
2001; Dee et al., 2013; McGonnell et al., 2011). X. laevis lacks alx3, and a
recent report described X. laevis alx1 and alx4 expression in patches of
mesenchyme around the eye and in the frontonasal process (FNP) at
st. 24 and 35 (McGonnell et al., 2011). We observed much broader
expression of alx1 and alx4 in the FNP, maxillary region, and in
mesenchyme around the eye and overlying the brain between st. 33–38
(Fig. 2Q–T; Fig. S4A–H). Additional expression of alx4 was seen in
clusters of CNCCs in the ventral-most aspect of all PAs (Fig. 2S; see also
Fig. S4E). Sectioning revealed expression of alx4 throughout the future
suprarostral, ethmoid plate, and trabecular cartilages (Fig. 3C).
prrx genes are alx-related transcription factors that mark the
presumptive neurocranium in mouse and zebraﬁsh (Hernandez-
Vega and Minguillon, 2011; ten Berge et al., 1998). Unlike alx,
however, prrx expression is also seen widely in the pharynx. In X.
laevis we observed prrx1/2-positive mesenchyme in the FNP, and
surrounding the eye and otic pit (Fig. 2U and V; Figs. S4I–T, 3D).
prrx1/2 transcripts were also detected in the maxillary domain,
contiguous with expression in the future suprarostal cartilage (the
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FNP)(Fig. 3D). In the pharynx, prrx1/2 expression marks the dorsal
and ventral domains of each pharyngeal arch.
In addition to the ventral expression mentioned above, zebraﬁsh
and mouse msx homologs mark mesenchyme in the maxillary region,
the FNP, and overlying the brain (Antonopoulou et al., 2004; Swartz et
al., 2011). All of these domains express msx1-b and msx2 in X. laevis
(Fig. 2I and J; Figs. S2Y–II, 3F). However, we also detected msx1-b and
msx2 transcripts in the dorsal aspect of each PA (arrow in Fig. 2I; for
msx2 see also Fig. S2II), an expression domain not seen in zebraﬁsh or
mouse, but present in shark and lamprey (Cerny et al., 2010;
Compagnucci et al., 2013).
In zebraﬁsh, gsc marks the trabecular cartilage and the dorsal
aspect of PA2, while pou3f3 is expressed in dorsal PA1 and PA2 in both
zebraﬁsh and mouse (Gaunt et al., 1993; Hauptmann and Gerster,
2000; Jeong et al., 2008; Riveraperez et al., 1995; Schultemerker et al.,
1994; Yamada et al., 1995). As in zebraﬁsh, we detected X. laevis gsc-b
expression in the trabecular cartilages (Fig. 3E; see also Fig. S3J and K).
However, expression in dorsal PA2 was not observed. X. laevis pou3f3
Fig. 1. dlx Expression in X. laevis at st. 33/34. Lateral views with anterior to left (A, C, E, G, I and K) and anterior views (B, D, F, H, J and L) of larvae stained by ISH for (A and B)
dlx1, (C and D) dlx2, (E and F) dlx3-a, (G and H) dlx4, (I and J) dlx5, and (K and L) dlx6-a. The position of the stomodeum is indicated by an oval in all anterior views. (M–P)
Schematic of dlx expression in the X. laevis (M and N) and mouse (O and P) cranial neural crest cells. See ﬁgure for key. Lateral views in (M) and (O), anterior views in (N) and
(P). For X. laevis, the ventral blue domain is shownwith grey stripes to indicate the expression of dlx3 in this region weakly. For mouse, data were used from both Jeong et al.,
2008 and Depew et al., 2002. cg, cement gland; np, nasal placode; op, otic placode; st, stomodeum. Each PA is labeled by number.
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transcripts marked clusters of cells in the dorsal and medial portions
of PA1 and PA2 (Fig. 2W and X; Fig. S4U–F).
In addition to marking the ventral pharynx, satb2 and tbx2/3
transcripts mark the maxillary/premaxillary region of mouse and
zebraﬁsh (Fish et al., 2011; Leoyklang et al., 2007; Ribeiro et al.,
2007; Sheehan-Rooney et al., 2010; Zirzow et al., 2009). satb2 and
tbx3-a are both expressed in the maxillary region of X. laevis with
additional expression in FNP mesenchyme (Fig. 2K, L; O, P; Figs.
S3A–E, M–P, 3A and B). tbx3-a expression in this domain extends
dorsally over the length of the nasal capsule, mirroring msx1/2
expression (compare Figs. 2J and S2Z to Fig. 2P).
Markers of cartilage and joint differentiation: barx1 and gdf5
Combinatorial expression of transcription factors mark subpo-
pulations of skeletal precursors in the X. laevis head, which are
largely conserved in other vertebrates (Fig. 4). To better correlate
this transcription factor map with skeletal differentiation, we exa-
mined the expression of barx1 and gdf5 from st. 33 until st. 45,
when the head skeleton has largely chondriﬁed, and compared
this expression to alcian blue reactivity (Fig. S6). In zebraﬁsh and
amniotes, barx1 is expressed broadly in CNCCs where it is essential
for chondrogenesis (Barlow et al., 1999; Sperber and Dawid, 2008)
Fig. 2. Transcription factor expression in the nascent X. laevis head skeleton at st. 33/34. Lateral views with anterior to left (A, C, E, G, I, K, M, O, Q, S, U and W), and anterior
views (B, D, F, H, J, L, N, P, R, T, V and X) of st. 33/34 larvae stained by ISH. The position of the stomodeum is indicated by an oval in all anterior views. (A and B) emx2 is
expressed centrally in PAs. (C and D) nkx3-2-b transcripts are found both in ventro-medial PA1 mesenchyme (arrow), and endoderm in more posterior PAs. (E and F) nkx3-3 is
expressed in the region of the nascent jaw joint (arrow), as well as ectoderm around the stomodeum and more posterior arches, and endorderm in the pharyngeal pouches.
(G and H) hand1 transcripts are found in ventral CNCCs. (I and J) msx1-b expression in the neurocranium, PAs, and FNP. Arrow in (I) indicates dorsal PA CNCC expression. (K
and L) satb2 is expressed contiguously throughout ventral PAs, and at the junction of the antero-dorsal PA1 and FNP. (M and N) gsc-b is detected ventrally in the anteriormost
4 PAs. (O and P) tbx3-a transcripts are found in anterior PA1/frontonasal mesenchyme, as well as both CNCCs and endoderm of PAs 1, 3, 4, 5, and 6 (see Fig. S3Q). (Q and R)
alx1 is expressed throughout the future neurocranium and the antero-dorsal PA1. (S and T) alx4 is expressed throughout the future neurocranium and antero-dorsal PA1, as
well as the ventral PAs. (U and V) prrx1 is detected in the neurocranium and FNP, as well as the dorsal and ventral PAs. (W and X) pou3f3 is expressed in a domain branching
PA1 and PA2, and strongly in the developing brain.
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and recent work in zebraﬁsh has also shown that it must be
downregulated for joint tissue to form (Nichols et al., 2013).
Consistent with a general role for barx1 in chondrogenesis, we
observed barx1 transcripts throughout pharyngeal CNCCs but
excluded from the intermediate domain of PA1 (Fig. S4Y–DD),
which gives rise to the primary jaw joint. barx1 expression was
also reduced in the dorsal aspect of PA2 (arrow in Fig. 5F). We also
noted that barx1 expression largely recapitulates sox9-a expres-
sion (Fig. S4EE–HH) and anticipates alcian blue reactivity (Fig. S6),
further supporting a role in cartilage differentiation.
gdf5 is a TGFß signaling peptide essential for joint formation in
the limbs and head (Settle et al., 2003; Storm and Kingsley, 1999).
In X. laevis, gdf5 expression is apparent at st. 41 in the nascent
primary jaw joint (arrow in Fig. 6C; see also Fig. S5), which arises
from the intermediate domain of PA1. Aside from the primary jaw
joint, additional expression is seen ﬂanking the ventral midline of
PA2 (Fig. S5G), and associated with the presumptive suprarostral
cartilages (arrow in Fig. S5B). Spots of expression are observed
weakly in the lower jaw at st. 41 (arrowheads Fig. 6C and G), and
more intensely at st. 45 (arrowhead in Fig. 6D), presaging forma-
tion of the intramandibular joints.
Discussion
dlx expression in X. laevis highlights conserved and divergent aspects
of the pharyngeal “dlx code”
Gnathostome dlx genes are typically distributed in the genome as
linked, co-regulated gene pairs representing 6 different paralogy
groups (MacDonald et al., 2010; Sumiyama et al., 2002). In post-
migratory CNCCs, dlx genes are expressed in a nested pattern along
the dorso-ventral axis of each pharyngeal arch, with the expression
boundaries of the more restricted paralogs encompassed by the
boundaries of the more broadly-expressed paralogs (Cerny et al.,
2010; Cofﬁn Talbot et al., 2010; Ellies et al., 1997). As in other
gnathostomes, X. laevis displays nested expression of dlx genes in
post-migratory CNCCs, with the dlx3/4 pair having the most restricted
expression pattern, dlx5/6 expression being less restricted, and dlx1/2
being the most broadly expressed (Fig. 1M and N). However, this
nested pattern differs from the dorso-ventrally tiered dlx expression
scheme described in mouse (Depew et al., 2002). Speciﬁcally, the dlx3/
4 gene pair is most strongly expressed in the intermediate domain of
the X. laevis pharynx, with reduced expression of dlx3 and no
detectable expression of dlx4 in the ventral-most aspect of the PAs.
This pattern is reminiscent of zebraﬁsh and cichlids where dlx3/4
expression initially extends into the ventral domain, and then becomes
restricted to the intermediate domain (Cofﬁn Talbot et al., 2010; Renz
et al., 2011). Recent work in elasmobranchs has shown that dlx3/4
expression is nested within the dlx5/6 expression domain, however it
is unclear if the ventral boundary shifts dorsally at later stages
(Debiais-Thibaud et al., 2013; Depew et al., 2013; Gillis et al., 2013;
Takechi et al., 2013). Coexpression of all dlx paralogs is also seen in the
intermediate domain of the sea lamprey, with one and two paralogs
expressed in the ventral-most and dorsal-most domains, respectively.
Taken together, dlx expression in X. laevis, teleosts, and lamprey
suggest that an intermediate pharyngeal domain expressing all or
most dlx paralogs ﬂanked dorsally by CNCCs expressing dlx1/2, and
ventrally by CNCCs expressing dlx1/2 and dlx5/6, represents the
ancestral gnathostome dlx expression pattern. It is less clear if this
exact pattern was present in the vertebrate ancestor, as the orthology
of lamprey and gnathostome dlx paralogs is still unresolved.
While all vertebrates display nested dlx expression in the
pharynx, surprisingly little is known about the precise role of dlx
genes in CNCCs. The most frequently cited model of dlx function in
postmigratory CNCCs is the “dlx code” in which dlx genes perform
homeotic selector functions in CNCC subpopulations along the
proximal–distal axis, analogous to the hox code along the antero-
posterior axis (Beverdam et al., 2002; Depew et al., 2002; Ellies
et al., 1997). While this model is supported by the morphology of
PA1 and PA2 skeletal elements in dlx knock-out mice, there is
limited evidence that a hox-type dlx-code operates in other
vertebrates. In zebraﬁsh, dlx1/2 has a general role in skeletogenic
Fig. 3. Expression domains in the forming suprarostral plate, ethmoid plate, and
trabecular cartilages at st. 37/38. Anterior to left in all panels. (A) Whole-mount
lateral view of satb2 at st. 37/38; red line depicts the approximate plane of section
used to assess gene expression in all subsequent panels. (B) satb2 is expressed
dorsal to the PAs in the suprarostral plate at st. 37/38. (C) alx4 marks all aspects of
the future neurocramium ventral to the eyes and brain. (D) prrx2 is found only in a
lateral subset of the suprarostal plate, ethmoid plate, and trabeculae. (E) gsc-b is
detected in the trabeculae and a small portion of the lateral ethmoid plate. (F)
msx1-b is expressed strongly in the future suprarotal plate. (G) A summary scheme
of the expressions shown in (B)–(F).
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Fig. 4. Expression maps of larval gnathostome head skeletons. Combinatorial transcription factor expressions mapped to the head of a representative shark (Scyliorhinus
canicula), ray-ﬁnned ﬁsh (zebraﬁsh; Danio rerio), frog (Xenopus laevis), and mouse (Mus musculus). All schemes are depicted with anterior to left. Data for the shark, ﬁsh, and
mouse were taken from current literature (see main text for citations); these maps represent our interpretation of published expression data. Extrapolating from these four
organisms, we have reconstructed a hypothetical expression map for the gnathostome common ancestor. nkx3.2 expression in PA1 is uniquely indicated by a black outline.
Colored question marks on the shark indicate our prediction of correspondingly colored expression domains which may be present in the shark head. satb2 in parentheses
indicates a lack of this data in shark only (in both light and dark grey domains). pou3f3, gsc, and tbx2/3 were excluded from this map for simplicity.
Fig. 5. Unique gene expression in the X. laevis PA2. All larvae are shown in lateral view with anterior to left. (A and B) dlx2 is expressed throughout migratory PA CNCCs at
(A) st. 27, but at (B) st. 28 it becomes sharply downregulated in the dorsal PA2 (the future columella; arrow in B). (C) Coinciding with dlx2 down-regulation, emx2 is expressed
at st. 28 in the dorsal PA2 (arrow). At st. 35/36, (D) dlx2 and (E) dlx5 uniquely share part of their dorsal boundary in PA2. Orange and yellow dotted lines show the boundary of
dlx2 and dlx5, respectively, while the red solid line indicates their shared border. (F) barx1, and (G) sox9-a also display conspicuous down-regulation in the dorsal PA2 at st.
33/34 (arrows in F and G).
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CNCC survival and chondrogenesis (Sperber et al., 2008), while
simultaneous dlx3/4 and dlx5 depletion causes the loss of joints
and hypomorphic skeletal elements (Cofﬁn Talbot et al., 2010). In
addition, there is no evidence from mouse or zebraﬁsh that dlx
paralogs encode functionally distinct proteins with different tran-
scriptional targets, a requisite feature of a hox-like selector code.
Rather, dlx5/6 and dlx1/2 have been shown to act redundantly in
mouse, while dlx3/4 and dlx5/6 are at least partially redundant in
zebraﬁsh (Cofﬁn Talbot et al., 2010; Jeong et al., 2008). Finally, in
zebraﬁsh, the boundaries of dlx expression do not correspond to
individual cartilage anlagen, as would be expected of a hox-type
selector code (Cofﬁn Talbot et al., 2010; Medeiros and Crump,
Fig. 6. Gene expression in the intramandibular and primary jaw joint. Lateral views (A–C), dorsal views (I–M), and sections (E–G) are all shown with anterior to the left.
Anterior views in (D and H). All black arrows mark the primary jaw joint, and all black arrowheads mark the intramandibular joint. (A–C) lateral views of whole-mount ISH
for (A) nkx3-2-b, (B) nkx3-3, and (C) gdf5 at st. 41. Red lines depict the plane of section in the corresponding panel below each whole-mount photo, black arrows mark the
future primary jaw joint, and the black arrowhead marks the future intramandibular joint. (D) Anterior view of whole-mount ISH for gdf5 at st. 45. (E–G) Sections of st. 41
larvae showing expressions in the future intramandibular and primary jaw joints. (E) nkx3-2-b is expressed in a broad domain surrounding the nascent primary jaw joint
(black arrow), and also medially in the future infrarostral (white arrowhead) and future basihyal (white arrow). (F) nkx3-3 expression is found in the primary jaw joint (black
arrow). (G) gdf5 expression is found in the nascent intramandibular joints (black arrowheads), and primary jaw joint (black arrow). (H) st. 45 whole-mount ISH for nkx3-2-a,
shows expression in the primary jaw joint (black arrow). (I–L) dorsal views of st. 45 whole-mount ISH showing mandibular expression of (I) hand1, (J) barx1, (K) hand2-
aþbarx1 (double ISH; see Methods section), and (L) gdf5. Black arrowheads mark the future intramandibular joints. (M) Dorsal view with a ventral focal plane of a st. 48 X.
laevis larva stained with alcian blue. Black arrowheads mark the intramandibular joints, black arrow marks the right primary jaw joint. (N and O) schematics of expressions
showing hand2 (red), barx1 (green), and nkx3.2 (blue) in the mandibular arch. (N) wt and barx1 mutant zebraﬁsh mandibular expression (adapted from Fig. 9B of Nichols
et al., 2013). (O) st. 41 and st. 45 X. laevis mandible expression. The barx1 mutant zebraﬁsh takes on a larval morphology strikingly similar to that of an anuran, with an extra
joint forming within Meckel’s cartilage. Black arrowhead indicates the position of the future intramandibular joint. ir, infrarostral; mc, Meckel’s cartilage; pq, palatoquadrate.
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2012). Based on the observed functional redundancy of dlx1/2 and
dlx5/6 in mouse, an alternative to the dlx-code model was
proposed. This “quantitative model” posits that rather than acting
as homeotic selectors of skeletal element morphology, nested dlx
expression creates zones of high, medium, and low Dlx dosage
(Jeong et al., 2008). These different levels of collective Dlx activity,
together with unknown modulators of Dlx function, then work to
pattern CNCCs along the proximal–distal axis.
In X. laevis, dlx expression boundaries in the ﬁrst and second
arches appear to correspond to presumptive skeletal elements and
joints, consistent with both the “dlx-code” and the “quantitative”
models of skeletal element speciﬁcation. However, in the posterior
arches, nested dlx paralog expression does not presage the forma-
tion of individual skeletal elements. Instead, CNCC subpopulations
expressing different combinations of dlx genes differentiate into a
fused pharyngeal basket. A similar situation is seen in lamprey
where CNCCs displaying nested dlx expression give rise to a fused,
unjointed skeleton rather than distinct skeletal elements (Cerny
et al., 2010). In these instances, dlx genes likely do not function as a
“dlx code” to determine skeletal element morphology or to
position joints. In lamprey, three separate mesenchymal conden-
sations form in each posterior PA before overt cartilage differen-
tiation begins. The middle condensation is the ﬁrst to differentiate
into cartilage, with chondrogenesis gradually spreading into the
dorsal and ventral condensations (Morrison et al., 2000). In X.
laevis, chondrogenesis also appears to begin in the intermediate
domain of each arch and spread dorsally and ventrally as shown
by aggrecan transcription (Suzuki et al., 2012) and alcian blue
staining (Fig. S6). However, it is unclear if this is preceded by the
formation of separate mesenchymal condensations as in lamprey.
Thus, it is possible that in lamprey and X. laevis, dlx genes regulate
of the positioning of early mesenchymal condensations and/or the
timing of skeletal differentiation along the dorso-ventral axis. In
either case, our data suggest that dlx genes do not always act as
homeotic selectors of skeletal element morphology. Instead, they
appear to function more generally to confer positional identities
upon CNCC subpopulations in the pharynx. Whether this pattern-
ing regulates skeletal element morphology, mesenchyme conden-
sation, or the timing of differentiation, can vary between species,
or even between the anterior and posterior PAs in the same
species.
Reconstructing the ancestral features of gnathostome skeletogenic
mesenchyme patterning
While dlx genes are essential for proper head skeleton devel-
opment, they are only one part of the complex system that
patterns the nascent vertebrate head skeleton. Members of several
other transcription factor families mark subpopulations of head
mesenchyme and result in skeletal defects when perturbed in
mouse and/or zebraﬁsh. We compared the expression of these
factors in X. laevis with that of their orthologs in mouse, zebraﬁsh,
shark, and lamprey to identify conserved features of vertebrate
and gnathostome embryonic head skeleton patterning (Fig. 4).
In X. laevis, zebraﬁsh, lamprey, and shark CNCCs in the inter-
mediate pharyngeal domain coexpress all dlx paralogs (Cerny et al.,
2010; Cofﬁn Talbot et al., 2010; Compagnucci et al., 2013; Ellies et al.,
1997; Takechi et al., 2013). In X. laevis, mouse, zebraﬁsh, and shark,
this region is also marked by emx2 transcripts (Compagnucci et al.,
2013; Kawahara and Dawid, 2002; Thisse et al., 2004) and, in PA1,
nkx3.2 (Compagnucci et al., 2013; Miller et al., 2003; Tucker et al.,
2004). Dorsal to this domain, presumptive CNCCs in all gnathostomes
examined express prrx and dlx1/2, with msx expression marking the
dorsal aspect of PA1 (Antonopoulou et al., 2004; Compagnucci et al.,
2013; Hernandez-Vega and Minguillon, 2011; Medeiros and Crump,
2012; Swartz et al., 2011; ten Berge et al., 1998; Thisse et al., 2004;
Thomas et al., 1998). In shark, X. laevis, and lamprey, dorsal msx
expression is also seen in the posterior arches (Cerny et al., 2010;
Compagnucci
et al., 2013). These data are consistent with coexpression of dlx1/2,
prrx1/2, and msx in the dorsal pharynx in the gnathostome common
ancestor, with a homologous dlx/msx positive domain present in the
vertebrate common ancestor. Dorsalmsx expressionwould have then
been lost from the posterior arches of amniotes and zebraﬁsh.
In the ventralmost aspect of most PAs, zebraﬁsh, mouse, and frog
co-express dlx1/2, dlx5/6, msx, prrx, hand, satb2, and tbx2/3 (reviewed
by Medeiros and Crump, 2012) (Mesbah et al., 2008; Ribeiro et al.,
2007). This ventral domain appears conserved in shark and lamprey
(Cerny et al., 2010; Compagnucci et al., 2013), though prrx and tbx2/3
expression has not been described in lamprey, and satb2 has not
been described in either lamprey or shark. alx transcripts mark a
subset of ventral CNCCs in the posterior arches of X. laevis and
lamprey, and ventral PA1 in amniotes (Cattell et al., 2011). In
zebraﬁsh, ventral alx expression is restricted to PA1 at 24 h (Dee et
al., 2013) though alx4b appears enriched in the ventral posterior
arches at 48 h (Thisse et al., 2004). Taken together these data suggest
alx was expressed in the ventralmost aspect of all PAs in the
vertebrate common ancestor, and early gnathostomes, then lost from
the posterior arches in amniotes. To date, only a single alx paralog has
been isolated from shark and ventral expression is only observed in
PA1 (Compagnucci et al., 2013). Additional alx data from chon-
drichthyians should help resolve the ancestral gnathostome alx
expression pattern.
Between the ventralmost and intermediate domains, all gnathos-
tomes examined appear to have a “ventral-intermediate” domain
bordered dorsally by emx2-expressing CNCCs and ventrally by hand
expression (Compagnucci et al., 2013; Morita et al., 1995; Thisse et al.,
2004). In X. laevis and mouse, this domain expresses dlx paralogs but
not msx. However, in zebraﬁsh, shark, and lamprey it includesmsx/dlx
coexpressing cells, suggesting an msx/dlx-positive “ventral-intermedi-
ate” domain was present in the vertebrate common ancestor and lost
in tetrapods (Cerny et al., 2010; Cofﬁn Talbot et al., 2010; Compagnucci
et al., 2013).
In sum, our data are consistent with presence of 4 dorso-
ventral domains in the pharyngeal arches of the vertebrate
common ancestor and early gnathostomes (Fig. 4), as previously
proposed (Cerny et al., 2010). In PA1, this basic pattern shows some
elaboration, with the dorsal aspect of PA1 expressing satb2 and alx,
the ventral-most aspect expressing gsc, and the intermediate
domain expressing nkx3.2 (Fig. 4). Interestingly, dorsal expression
of alx is seen in all pharyngeal arches in lamprey (Cattell et al.,
2011) suggesting dorsal alx expression may have been lost from
the posterior arches in gnathostomes. Alternately, expansion of alx
expression into the dorsal pharynx may be a derived feature of
lamprey head skeleton patterning.
Outside of the pharyngeal arches, a combination of CNCC and
mesodermal mesenchyme give rise to the skeletal elements of the
ethmoid plate, trabeculae, neurocranium, and the suprarostal carti-
lages in anurans. In all vertebrates examined, this head mesenchyme
lacks dlx expression and expresses various combinations of alx, prrx,
msx, gsc, tbx2/3, and satb2 paralogs (Antonopoulou et al., 2004;
Beverdam et al., 2001; Dee et al., 2013; Hernandez-Vega and
Minguillon, 2011; Swartz et al., 2011; ten Berge et al., 1998;
Thomas et al., 1998) (Compagnucci et al., 2013; Gaunt et al., 1993;
Schultemerker et al., 1994; Sheehan-Rooney et al., 2010; Thisse et al.,
2004). Immediately dorsal to the posterior arches, all gnathostomes
have a domain of prrx-positive mesenchyme surrounding the otic
capsule. This domain extends to just behind the eye in X. laevis,
zebraﬁsh and mouse, though the single prrx homolog described in
shark is limited to the otic region at the stages assayed (Compagnucci
et al., 2013). In all gnathostomes and lamprey, alx expression is seen
in mesenchyme surrounding the eye and nasal pit/capsule
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(Beverdam and Meijlink, 2001; Cattell et al., 2011; Dee et al., 2013;
McGonnell et al., 2011). In X. laevis, zebraﬁsh, and mouse, this
expression overlaps with prrx in the posterior peri-orbital mesench-
yme, and with msx above the eye, in the region of the presumptive
cranial vault (Hernandez-Vega and Minguillon, 2011; ten Berge et al.,
1998; Thisse et al., 2004). Anteriorly, all gnathostomes also have a
region of msx/alx positive mesenchyme associated with the nasal pit.
Finally, in zebraﬁsh and X. laevis, coexpression of prrx, alx, gsc, msx,
and satb2 is seen in portions of the forming trabecular cartilages/
ethmoid plate (Dee et al., 2013) (Hernandez-Vega and Minguillon,
2011; Schultemerker et al., 1994; Swartz et al., 2011) (Sheehan-
Rooney et al., 2010; Thisse et al., 2004). Taken together, our
comparisons support a pan-gnathostome head skeleton patterning
matrix consisting of 4 molecularly distinct PA domains (correspond-
ing to the light blue, burgundy, dark blue, and grey domains in Fig. 4),
unique dorsal and intermediate PA1 domains, and six domains of
presumptive neurocranial precursors (Fig. 6).
Gene expression in the anuran second arch reveals developmental
novelties associated with the evolution of the middle ear
While most features of head mesenchyme patterning are con-
served across all gnathostomes, our comparisons revealed some
differences in gene expression between groups. We asked if anuran-
speciﬁc alterations to the deduced gnathostome ground state could
be linked to speciﬁc skeletal novelties. One difference in CNCC
patterning gene expression between X. laevis and the basal gnathos-
tome condition is observed in PA2. In most other gnathostomes, PA2
has the expression proﬁle of the other arches, with dlx1/2marking its
dorsal aspect (Akimenko et al., 1994; Compagnucci et al., 2013)
(Fig. 4). This pattern is initially conserved in X. laevis (Fig. 5A).
However, shortly after CNCC migration, dlx1/2 is downregulated in
dorsal PA2 (compare Fig. 5A and B; arrow in B). As a result, the dorsal
boundaries of dlx1/2 and dlx3/5/6 are approximately the same in PA2
of X. laevis (Fig. 5D and E). This reduction in dorsal PA2 dlx expression
is accompanied by an upregulation of emx2 expression in this domain,
showing that reduced dlx1/2 expression is not due to an absence of
CNCCs (arrow in Fig. 5C), but a change in PA2 CNCC gene expression.
In zebraﬁsh and mouse, knockdown of dlx1/2 causes a general
inhibition of chondrogenesis, with dorsal PA1 and PA2 elements
especially affected (Cofﬁn Talbot et al., 2010; Sperber et al., 2008).
This difference in size between dorsal and ventral elements is
reminiscent of the PA2 skeleton of modern anamniote tetrapods,
which have a highly reduced dorsal element, the columella
(stapes), and a fully formed ventral PA2 element, the ceratohyal.
It is tempting to speculate that reduction in dlx1/2 expression may
have driven evolution of the stapes by decreasing the skeletogenic
capacity of CNCCs in PA2. Consistent with this, sox9-a expression is
downregulated in the X. laevis dorsal PA2, and barx1 transcripts
are largely absent from this domain (Fig. 5F and G). It is also worth
noting that the amphibian stapes differentiates very late in
development, during metamorphosis (Witschi, 1949). Thus,
reduced expression of dlx2 in dorsal PA2 during early X. laevis
development may also reﬂect the delayed differentiation of CNCCs
in this domain. In either case, the consequences of attenuating dlx2
expression during evolution could be tested by phenocopying the
ancestral gnathostome dlx2 expression pattern in X. laevis using
synthetic dlx2 mRNA. Provocatively, over-expression of dlx2 in
chick, an amniote in which both the dorsal and ventral PA2
skeletal elements are highly reduced, leads to the formation of
ectopic cartilage nodules near PA1 and PA2 -derived cartilages
(Gordon et al., 2010). It is possible that modulating the expression
of dlx genes in CNCC subpopulations is one mechanism by which
size of skeletal elements is altered during evolution.
The anuran suprarostral and infrarostral cartilages likely evolved by
partitioning of pre-existing mesenchymal subpopulations
Much of the variation in vertebrate head skeleton morphology
involves changes in the size and/or shape of evolutionarily conserved
skeletal elements. However, novel cartilages and bones with no
obvious homologs in other groups have also arisen in many lineages.
The mechanisms by which such elements evolve are unclear. The
suprarostral and infrarostral cartilages are anuran novelties associated
with the evolution of larval herbivory, and have been linked to the
success of this group (reviewed by Svensson and Haas, 2005).
Svensson and Haas (2005) proposed three models for how these
elements could have evolved: (1) duplication of existing elements, e.g.
duplication of Meckel’s cartilage and primary jaw joint in the case of
the infrarostral; (2) partitioning of pre-existing cartilages by the
formation of new joints; and (3) de novo initiation of cartilage
condensations non-homologous to preexisting elements. We asked
whether the gene expression proﬁles of the nascent suprarostral and
infrarostral cartilages were consistent with any of these scenarios. In
the presumptive suprarostral cartilage, we noted msx, satb2, alx and
prrx co-expression, mimicking gene expression in the anterior eth-
moid plate/FNP of other gnathostomes (Dee et al., 2013) (Hernandez-
Vega and Minguillon, 2011; Schultemerker et al., 1994; Swartz et al.,
2011) (Sheehan-Rooney et al., 2010; Thisse et al., 2004). Similarly, we
found that the nascent infrarostral cartilage of X. laevis has the same
transcription factor expression proﬁle as the ventralmost aspect of
PA1, which gives rise to the mandible in other gnathostomes.
Importantly, we did not see novel transcription factor expression
consistent with de novo evolution of infrarostral or suprarostral
cartilage anlage. We also did not see reiteration of ventral or
intermediate PA1 gene expression patterns (i.e. tiered hand, dlx3/4,
nkx3 expression) in the presumptive infrarostral cartilage, as would be
predicted by the duplication of PA1 domains. These observations
suggest that the suprarostral and infrarostral cartilages are derived
from the same precursor populations as the anterior ethmoid plate
and Meckel’s cartilage, respectively. However little is known how
combinatorial expression of transcription factors in head mesench-
yme is ultimately translated into skeletal morphology. Thus, we
cannot exclude the possibility that some form of duplication or de
novo evolution of skeletal anlagen occurred via mechanisms devel-
opmentally downstream of early mesenchymal patterning.
In X. laevis and other pipoid frogs, the suprarostral cartilage is
fused to the ethmoid plate, while the infrarostral articulates with
Meckel’s cartilage at the intramandibular joint (Pugener et al.,
2003; Trueb and Hanken, 1992; Zhang et al., 2013). It has been
postulated that evolution of this joint was driven by the duplica-
tion and redeployment of nkx3 (bapx/zax) genes, which are
necessary for jaw joint formation in other vertebrates
(Svensson and Haas, 2005). We examined the expression of both
X. laevis nkx3-2 paralogs, and the closely related gene nkx3-3 in
the region of the nascent intramandibular joint and did not
observe any expression consistent with this scenario (Fig. 6).
This suggests that some factor downstream of nkx3.2 induces
intramandibular joint formation. We thus examined the expres-
sion of gdf5, a TGFß signaling ligand regulated by nkx3.2 in PA1
that is essential for primary jaw joint development (Miller et al.,
2003; Settle et al., 2003; Storm and Kingsley, 1999). In contrast to
nkx3-2, we noted bilateral expression of gdf5 in ventral PA1
precisely presaging formation of the intramandibular joints. No
equivalent expression has been reported in any other gnathos-
tome, suggesting novel nkx3-2-independent expression of gdf5
was associated with the evolution the anuran intramandibular
joint/infrarostral cartilage.
Anuran-speciﬁc expression of gdf5 in the nascent intramandib-
ular joint could have arisen by cis-regulatory changes at the gdf5
locus, or by changes in the expression of upstream regulators. In
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addition to nkx3.2, barx1 has been shown to regulate joint
differentiation in PA1. However, unlike nkx3.2, barx1 acts as a
repressor of joint formation and barx1 mutants have ectopic
paired joints in Meckel’s cartilage (Nichols et al., 2013). Due to
the similarity of this ectopic joint and the frog intramandibular
joint, Nichols et al. (2013) postulated that a change in barx1
function in PA1 could have occurred in anurans. Presumably, this
would have involved a reduction or loss of barx1 in the ventral
PA1, creating an additional barx1-free domain capable of support-
ing joint differentiation. At st. 33 and 41, we observed zebraﬁsh-
type patterning of X. laevis PA1, with barx1 expression abutting
hand expression ventrally/anteriorly, and nkx3.2 dorsally/poster-
iorly (Fig. 6N and O; Fig. S5C and D). However, between st. 41 and
st. 45 a clear gap between the hand and barx1 expression domains
becomes apparent (Fig. 6I–K). This gap corresponds precisely to
the paired spots of gdf5 expression that mark the forming
intramandibular joint (Fig. 6L and M). Conceivably, this new
domain could represent a dorsal shift in barx1 expression, a
ventral shift in hand expression, or both. However, the fact that a
loss of hand2 function alone is insufﬁcient to create ectopic joints
in zebraﬁsh (Miller et al., 2003), supports a central role for barx1
restriction in anuran intramandibular joint evolution.
Assuming zebraﬁsh PA1 approximates PA1 of early tetrapods,
our results suggest reduced barx1 expression and recruitment of
gdf5 created a novel joint-forming domain in the anuran
mandible. Changes in barx and gdf5 expression have also been
implicated in the evolution of the primary jaw joint, as lamprey
lacks any gdf5 homolog expression in PA1, and expresses barx
contiguously through the ventral and intermediate PA1 (Cerny
et al., 2010). gdf5 homologs also mark joints in tetrapod limbs,
which can vary dramatically in number between lineages (Settle
et al., 2003; Storm and Kingsley, 1999). These observations raise
the possibility that altering barx1 and gdf5 expression may be
one way to partition skeletal elements and position new joints
during evolution.
Conclusions
We generated a gene expression map of CNCC and mesoderm-
derived mesenchyme in X. laevis and compared it to equivalent
data from mouse, zebraﬁsh, and shark. These comparisons show
that the head skeletons of all gnathostomes are built upon an
ancient and well-conserved pre-pattern of molecularly distinct
precursor subpopulations, despite differences in skeletal morphol-
ogy. We also present evidence that skeletal element size may be
altered during evolution by changes in the skeletogenic capacity of
precursor subpopulations early in head skeleton development.
Finally, we propose that new joints and skeletal elements in
anurans likely evolved from preexisting skeletal precursor
domains via late changes in genes that regulate skeletal differ-
entiation. Together these results support a model in which early
patterning mechanisms divide the head mesenchyme into a highly
conserved set of skeletal precursor subpopulations. While subtle
changes in this early patterning system can affect skeletal element
size, changes to this matrix do not appear to underlie the
evolution of new skeletal elements. In contrast, later expression
of the genes that regulate skeletal element differentiation can be
linked to speciﬁc anuran skeletal innovations. We posit that
changes in the expression of these downstream regulators, includ-
ing barx1 and gdf5, are one mechanism by which skeletal element
number is altered during evolution. Further work in a broader
range of vertebrates with divergent head skeleton morphologies
will establish if this model of vertebrate head skeleton evolution is
broadly applicable.
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